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Agonist-induced changes in cytoplasmic free Ca z+ concentration ([Ca z+ ]i) of isolated canine gastric chief cells were 
evaluated by microspectrofluorometry of superfused fura-2 loaded cells. Application of high concentrations of carbachol 
(CCh, 1 0 - s  M) or cholecystokinin octapeptide ( 1 0 - s  M) resulted in biphasic Ca z+ mobilization comprising an initial 
large transient followed by a small sustained elevation above the prestimulation level. Submaximal concentrations of 
CCh (10-6  M) or cholecystokinin (10-9  M) led to either a transient series of large amplitude Ca z+ spike(s) or a higher 
frequency of sustained Ca z+ oscillations of smaller amplitude. Cholecystokinin at 10-1° M induced only sustained 
Ca z+ oscillations. Elimination of Ca z+ from the medium had no immediate effect on oscillations indicating an 
intracellular source of Ca z +. Thus the Ca z + signalling mode in chief cells is dependent on agonist concentrations. 
Pepsinogen secretion from mammalian gastric chief 
cells is believed to be regulated by an increase in 
cytoplasmic free Ca 2 + concentration ([Ca 2 + ]i) follow- 
ing stimulation by either a peptidergic (cholecystokinin) 
or a cholinergic pathway [1-5]. The pattern of [Ca2+]i 
increase most commonly reported has been a rapid but 
transient increase, followed by a small sustained eleva- 
tion above the prestimulation level. The first component 
originates from intracellular stores and is believed to be 
mediated by inositol 1,4,5-trisphosphate (IP 3) [6]. The 
second component is due to Ca 2+ entry from the ex- 
tracellular space, although its control is still unclear. 
Previous studies utilizing quin 2, fura-2 and aequorin as 
probes have been carried out in rabbit gastric glands or 
isolated chief cells [1-3] and guinea pig isolated chief 
cells [4,5] that were suspended in a stirred cuvette. This 
approach, however, may fail to show transient changes 
in Ca z+ mobilization amo~g individual cells due to the 
integration of the fluorescence signal over a large num- 
ber of cells. Recently, it has become possible to measure 
[Ca2+]i in individual cells utilizing microspectrofluo- 
rometry or digital imaging microscopy of fura-2, thereby 
resolving events that would be masked when recording 
from a population of cells. A preliminary study of 
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individual guinea pig chief cells showed a [Ca2+]i in- 
crease but only a single high concentration of cholecys- 
tokinin octapeptide (10 -8 M) was evaluated [7]. In the 
present study, we have observed that lower and pre- 
sumably more physiological concentrations of carbachol 
and cholecystokinin led to periodic and repetitive oscil- 
lations in [Ca2+]i in individual canine gastric chief cells. 
Gastric chief cells were isolated from adult canine 
fundic mucosa using sequential exposure to collagenase 
and ethylenediamine tetraacetic acid (EDTA) and en- 
riched to greater than 70% homogeneity by counterflow 
elutriation as previously described [8,9]. Contaminating 
cells consisted primarily of mucous containing cells. 
Isolated chief cells (2-10 6) were  loaded with fura-2 
acetoxymethyl ester (Molecular Probes, Eugene, OR) 
using methods previously described [10,11]. A physio- 
logical salt solution (PSS) containing (in mM) 137 NaCI, 
4.7 KCI, 0.56 MgCI 2, 1.28 CaCI 2, 1.0 NaH2PO4, 10.0 
Hepes-NaOH, 0.1% bovine serum albumin (pH 7.4) was 
used. For calcium-free experiments, CaCI 2 was replaced 
with 1 mM EGTA. Measurement of fura-2 fluorescence 
and calculation of [Ca2+]i on single chief cells were 
performed as previously described [10,11] using a super- 
fusion system and a Spex dual excitation wavelength 
fluorometer coupled to a Nikon Diaphot microscope. 
The average resting [Ca2+]i  determined in 52 individ- 
ual canine chief cells was 76 :t= 5 nM when Ca z+ (1.28 
mM) was present in the medium. Stimulation with a 
maximal concentration of the muscarinic cholinergic 
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agonist carbachol (CCh, 10 -5 M) caused a rapid in- 
crease in [Ca2+]i to 377 + 60 nM followed by a fall 
within 3-4 min to a sustained plateau of [Ca 2+ ]i about 
40 nM above the prestimulation level (Fig. 1A). The 
peak height of the initial large transient of [Ca2+]i in 
the absence of medium Ca 2+ (Fig. 1B) was 330 _+ 41 
nM from a basal [Ca2+]i of 74 + 15 nM (n = 7). This 
increase was not significantly different from that de- 
termined in the presence of medium Ca 2 +. However, the 
sustained plateau of [Ca2+]i declined almost to the 
prestimulation level when medium Ca 2+ was eliminated 
(Fig. 1B). Decreasing the CCh concentration to a sub- 
maximal level (10 -6 M) resulted in three different types 
of Ca 2+ mobilization (Table I). Some cells showed a 
similar Ca 2+ transient to that induced by 10 -5 M CCh. 
in most cells (12/16) oscillations in [Ca2+]i were in- 
duced. In seven cells, oscillations in [Ca~+]i were of 
decreasing amplitude and stopped within 10-15 rain 
(Fig. 1C). In other cells oscillations were more rapid 
and sustained occurring on top of a baseline increase in 
[Ca2*]i (fig. 1D). The effects of low doses of CCh were 
rapidly reversible upon its removal from the superfusate 
and could be reinduced. The threshold CCh concentra- 
tion for evoking Ca 2+ oscillations was 2.5.10 -7 M; 
10 -7 M CCh was unable to affect [Ca2+]i in nine cells 
examined. 
Stimulation of chief cells with submaximal con- 
centrations of the peptidergic hormone cholecystokinin 
octapeptide, (10 -9 M) also induced somewhat similar 
types of Ca 2+ signaling including large Ca 2+ transients, 
transient oscillations (Fig. 2A) and sustained oscilla- 
tions (Fig. 2B). When the [Ca2+]i peak height was 
relatively high (250 nM) and transient, the spike 
frequency was slow. In the case of sustained oscilla- 
tions, the peak [Ca2+]i height was smaller (160 nM) but 
the frequency was faster averaging 1.8 times/min (Ta- 
ble I). A significant reciprocal relationship was observed 
between the oscillation amplitude and the frequency 
when individual cells were stimulated by submaximal 
concentration of agonist (cholecystokinin; 10 -9 M, 
CCh;  10 -6 M) with a correlation coefficient of -0 .61  
(P < 0.02, n -  12 cells). A decrease in cholecystoldnin 
concentration to 10-10 M resulted in small but regular 
sized Ca 2+ oscillations (Fig. 2C). In this case the oscil- 
lation amplitude averaged 80 nM above the basal in- 
crease in [Ca 2+ ]i and frequency averaged 0.7 times/min. 
With the lower concentrations of stimulants there was a 
longer latency in evoking the first Ca 2+ spike of up to 
60 s. Removal of extracellular Ca 2 ÷ to a concentration 
less than resting [Ca2+]i had no immediate effect on 
Ca 2+ oscillations (Fig. 2C) as examined in five cells. 
Thus the primary source utilized for Ca 2+ oscillations 
was intracellular. Increasing cholecystokinin concentra- 
tion to the maximal level (10 -8 M) resulted in an 
immediate large rise in [Ca2+]i to 599 nM followed by a 
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Fig. 1. Cytoplasmic free Ca 2+ concentration ([Ca 2+ ]i) in individual canine gastric chief cells stimulated by various concentrations of carbachoi 
(CCh). Each panel is representative of 7-11 separate experiments. Abbreviations used: -Ca, Calcium-free PSS. 
TABLE I 
Ca 2 + signaling mode induced by various concentrations of carbachol 
(CCh) and cholecystokinin octapeptide (CCK) 
Amplitude levels were deternfined in a peak state by subtracting basal 
[Ca2+]i in each individual cell. The frequency of oscillation was 
calibrated by the number of Ca 2+ spikes occurring 10-30 min after 
cell stimulation. Values presented are means + S.E. 
Agonist Mode of Peak [Ca 2+ ]i Frequency of 
(M) Ca 2+ signalling amplitude from oscillation 
(No. of cells) basal (nM) (times/rain) 
CCh 
1 x l 0  - 5  
1 x l 0  - 6  
400 
large transient (9/9) 295 + 59 
large transient (4/16) 278_ 54 
transient oscillations 
(7/16) 172 + 42 0.47 + 0.10 
sustained oscillations 
(5/16) 71 + 22 2.66 + 0.49 
CCK 
1 x 1 0 -  ~ large transient (5/5) 507 :l: 72 
1 x 10 -9 large transient (4/12) 268+67 
transient oscillations 
(5/12) 183 + 31 0.64 + 0.16 
sustained oscillations 
(3/12) 86 + 24 1.80 + 0.10 
1 × 1 0 -  lo sustained oscillations 
(5/5) 80 + 22 0.72 + 0.11 
prestimulation level (Fig. 2D). The related peptide, 
gastrin (10- ~ M), did not produce any significant change 
in [Ca2+]i in 5 cells. Therefore, the receptor involved 
appears to be a cholecystokinin preferring rather than a 
gastrin receptor. Bombesin (10 -s and 10 -7  M )  and 
histamine (10  - 4  M) were also without effect on [Ca 2+ ]i 
in six cells (data not shown). 
Intracellular free Ca 2+ appears to play a central role 
in the control of chief cell secretion [1-5]. Calcium 
ionophores stimulate pepsinogen secretion, EGTA in- 
hibits long-term secretion and digitonin permeabilized 
gastric glands secrete pepsinogen in response to an 
increase in Ca 2÷ concentration in the medium [12,13]. 
With the advent of fluorescent probes for Ca 2+, [Ca 2+ ]~ 
has been measured in chief cells and shown to increase 
in response to some peptidergic secretagogues, most 
noticeably, cholecystokinin, and also in response to 
cholinergic agonists. Studies of [Ca2+]i in a population 
of chief cells have previously been carried out primarily 
in isolated guinea pig chief cells [4,5,7] and rabbit 
gastric glands [1,3]. in these studies basal [Ca2+]~ was 
200 nM in guinea pig and 150 nM in rabbit, and 
increased to 500 nM and 500-800 nM, respectively, 
after cell stimulation. The [Ca2+]~ increase was depen- 
dent on agonist concentration and showed an initial 
large transient, which declined after 3-5 rain, followed 
by a small sustained plateau above the prestimulation 
level. The initial large transient and the following sus- 
tained plateau originated from intracellular and ex- 
traceUular Ca 2+, respectively. 
In the present study we used microspectrofluorome- 
try to evaluate [Ca 2÷ ]i in single canine chief cells. When 
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Fig. 2. [Ca 2+ ]i mobilization pattern in chief cells induced by various concentrations of cholecystokinin octapeptide (CCK). Each panel is 
representative of 5-10 separate experiments. 
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we used a high concentration of secretagogue (CCh; 
10 -s M, cholecystokinin; 10 -8 M) we observed a large 
transient [Ca2+]i increase similar to previous popula- 
tion studies. Using lower concentrations of secreta- 
gogues, however, we observed transient spikes or oscil- 
lations of [Ca 2+]i. These oscillations had not been seen 
in previous studies of gastric chief cells. Of interest, at 
intermediate secretagogue concentrations we observed 
some cells showing larger increases which then became 
smaller and even disappeared over a 10-15 min period. 
Another pattern observed was that of small amplitude 
and high frequency Ca 2+ oscillations similar to those 
which have been observed in various cell types [14-16]. 
The repetitive oscillations observed in gastric chief cells 
are generally similar to those observed in pancreatic 
acinar cells which respond to cholecystokinin with an 
oscillation frequency of 1.5 times/min [11]. In other 
cells responding to a variety of stimuli, oscillations 
occur from 0.3 to 12 times/min [14-16]. Similar to 
almost all other non-excitable cells, the primary sources 
of Ca 2+ for oscillations in canine chief cells was in- 
tracellular. 
In guinea pig isolated chief cells, cholecystokinin 
stimulates pepsinogen secretion over the concentration 
range of 10-1t-10-7 M with an approximate EC50 of 
10-lo M [17]. Also, CCh stimulates pepsinogen secre- 
tion over the concentration range of 3 .10-7-10 -3 M 
with an approximate ECso of 10 -6  M [17]. Thus the 
concentrations of secretagogues which cause Ca 2 + oscil- 
lations, are close to the ECs0 for pepsinogen release. 
Gastrin (10 -a M), which was unable to affect [Ca2+]i, 
has been reported not to induce pepsinogen secretion in 
primary monolayer cultured canine chief cells while 
cholecystokinin (10 -s M) induced pepsinogen secretion 
in the same species preparation [18]. In contrast, canine 
parietal cells secrete acid equally well in response to 
both cholecystokinin and gastrin [18], suggesting that 
the cholecystokinin receptor on chief cells differs from 
the closely related gastrin receptor on parietal cells. 
Histamine, which was also incapable of mobilizing 
[Ca2+]i in the present study, induces pep~inogen secre- 
tion in canine chief cells, probably through cyclic AMP 
[17]. 
in summary, the Ca 2 ÷ signaling mode in response to 
carbachoi and cholecystokinin show different patterns 
depending on the concentration of secretagogues. At 
what are presumed physiologic levels of secretion, many 
cells shows Ca 2+ oscillations. These repetitive transient 
increases in [Ca2+]i may play a role in the control of 
pepsinogen secretion. 
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